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CERTAIN CHARACTERISTICS OF THE FIELDS OF THE

OUTGOING THERMAL RADIATION OF THE VENUS AND

MARS ATMOSPHERE

A. M. Bunakova and K. Ya. Kondrat'yev

/247*
The atmospheres of Venus and Mars have been extensively

studied in recent years [1]. Data from spectroscopic measurements

on the Earth and direct probes have provided a basis for studying

the thermal regime and the total situation of the atmospheres of

the planets [2]. Studies of the energy characteristics of the

planets are particularly important in this respect, including the

radiation balance (and its components -- absorbed solar radiation

and outgoing radiation) which determines the basic characteristics

of the total circulation of the planetary atmospheres. Since

there are practically no data on the outgoing thermal radiation,

we calculated the spectral and angular distribution of the out-

going thermal radiation of Venus and Mars, taking the fact into

account that such data are of great interest for solving certain

applied problems. Naturally, the authenticity of the results

of these calculations is determined by the reliability of the

initial information regarding the composition and structure of

the. planetary atmospheres, and also a suitable model for the

radiation transfer. The model of the upper (above the cloud)

atmosphere of Venus, which was used for the calculations, was

borrowed from the literature, and is based on a combination of

existing spectroscopic data and the results of direct probes.

Numbers in the margin indicate pagination of original
foreign text.
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Based on data from direct measurements on the spacecraft

Venera-5 and Venera-6 , the chemical composition of the atmosphere

of Venus is as follows [5]: 97% C0 2 ; a maximum of 0.4% 02; <2% N 2;

-1% H.O (this pertains to the level p=0.
6 aT; T=3000K).

According to indirect spectroscopic data [6], the atmosphere

of Venus close to the upper cloud boundary may be best approximated

by the following parameters: p = 0.2 ar,, T = 240-270 K, !co, 2-10' c:.-armT,

:lo= 2 c..-arX, Mco= 2-6 cm-.aTr., Mo, < 7- 10-' c-. ar , lic, =2. 10-2 c art,

M F = (2-6) .0-1 cn,.ar:t, M - amount of gas per i c .arMT for the mean free

path of a photon during scattering.

The height of the upper boundary of the cloud layer of Venus

is 6 04hc< 70 km (see, for example [7]). Processing the data on

the occultation of Regulus by Venus [8] makes it possible to / 248

relate the maximum possible height of the upper boundary of the

cloud layer to the scale of pressure and temperature. This height

corresponds to p,=0.2 a'.n, T,=230-2500K . Only these data are

important for the calculations, and the absolute height 
of the

cloud layer does not play any role.

The temperature profiles used in our calculations are shown

in Figure 1. The theoretical calculations of the temperature

profile T (z) in the atmosphere of the clouds are carried out in

the studies [9-11] and [9]. The influence of different factors

upon the temperature profile above the clouds was studied, but c

the authors used an old model of the chemical composition of the

atmosphere, which was invalidated by data from automatic inter-

planetary stations. Nevertheless, the composition of the atmos-

phere and the cloud structure are the basic factors influencing

the temperature. The study [10] calculated the diurnal and

nighttime vertical distributions T (z) for different latitudes.

It may be assumed that the profiles calculated for the atmosphere
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above the clouds correspond to real conditions, since they were

obtained by using reliable data on the optical characteristics

of this portion of the atmosphere. They closely coincide with

the temperature data of Mariner-5 [12]. Definite information

regarding T (z) is given in [13].

Thus, all the information given on the temperature profiles

of the atmosphere above the clouds is obtained from theoretical

calculations which do not contradict existing experimental data.

Therefore, the problem of the reliability of these profiles is

still unsolved. As will be shown below, an analysis of the experi-

mental spectra of the outgoing thermal radiation may solve this

problem to a significant extent.

The intensity of the radiation of the cloud layer of Venus

is at a maximum between 3-20 im (Xmax = 12.6 im). The oscillatory-

rotational bandsCO 2 and H2 0, which are most important when calcu-

lating the thermal radiation, are located here. Therefore, this

spectral range is of basic interest in these calculations.

We shall assume that the condition of local thermodynamic

equilibrium is satisfied in the planetary atmosphere, although

generally speaking, it may be disturbed at small pressures (for

the atmosphere of the Earth, for example, at p<0.
8 +0.5 mB; for

Venus such estimates were not made). /249

The calculations were performed by numerical integration

of the phenomenological transport equations

1( =A-) T,) Po(A- U,)+ S E(;., T) dP (h U), (1)

where P(X, T) is the transmission function (U--absorbing mass),

E(X, T) - radiation intensity of an absolutely black body.
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mitted by the atmosphere; z -height above the cloud layer

0/

of infrared radiation is insignificant and scattering is not

taken into account.

CO (the total content of U in a vertical column is 10 c-a.)

ThFigure differences Outgoin thermal racondiation founder which infrared ratification

is propagated inby the atmosphere; z height above the cloud layospheres

phere of Venus above the clouds. It is assumed thatonly to the cllarge absorbingud
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practically unobtainable even in laboratory conditions), and

also to the fact that small pressures may occur (p<0.2aT.)

as well as low temperatures ( Tz200-300K ). All of this pro-

duces great difficulties when selecting the transmission

functions. There is particularly great uncertainty in existing

data regarding the transmittance of the atmosphere of Venus in

the wings of the bands and the windows between the bands of

absorption, because for these spectral regions, there are very

few experimental data for large U. Theoretical calculations of

P(X, U) are very cumbersome and are complicated by the fact that

for conditions existing in the upper atmosphere of Venus there are

no unequivocal data on the contour of the spectral lines.

Experiments may provide the most reliable information on

the transmission functions of a uniform medium. Since at the

present time there are no experimental data corresponding to a

real planetary atmosphere, it is necessary to resort to different

models and extrapolations. We have used the model proposed by

Hanel [9]. The approximation formula of the model is

((2N n(21 -1

() I( , l '173 "r'/ zy,( (L ),) (2)

( +T1- (R 5-in" O .l -

Here We is the effective mass of the absorbing matter; p - density;

q.- concentration of the gas components; s - length of a ray in the

atmosphere; kxi- generalized absorption coefficient; NX takes

into account the degree of overlapping of the lines;



~i determines the temperature dependence of absorption; x - re- /250
fraction parameter; n - refractive index.

The transmission functions obtained in [9], with a low and

average spectral distribution, do not make it possible to describe

the experimental spectrum in detail. Nevertheless, the spectral

model proposed in [9] makes it possible to evaluate the most

important phenomena and to reduce the computer time, which in-

creases in proportion to the number of spectral points. When the

radiation of the thin structure of the spectrum becomes important

(for example, in the problem of the role of small admixtures in

planetary atmospheres), it is necessary to use the transmission

function with high resolution [15], which makes it possible to

reproduce the thin structure of the absorption spectrum of CO 2.

It is known that in the case of significant absorption there

is an increase in the contribution to the intensity of the second

term in Equation (1), which is related to atmospheric radiation.

Naturally, this contribution will be at a maximum at a wave-

length where the contribution of the first term is decreased to

the greatest extent. Therefore, it is advantageous to introduce

the concept of an effective radiating layer located at the

altitude z . With very strong absorption, the contribution to
e

the outgoing radiation from the surface and the layers of the

atmosphere near the surface is small (the radiation does not reach

an altitude of H). The proportion of radiation of very high

layers is small due to the small density of the radiating matter.

The layers lying at a certain altitude z,(O <z,<H) make the basic

contribution to the outgoing radiation. It is clear that ze is

determined from the condition that the derivative aI(z,II)/az[e

be at a maximum, where I(z, H) is the intensity of outgoing

radiation formed by an atmospheric layer from z to H. Let us

consider several possible cases.
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a) Let us assume T (z) decreases monotonically with altitude,

and the absorption increase (and altitude) leads to a decrease in

the temperature of the radiating layer Te . Therefore, a minimum

in the spectral curve of I1 will correspond to each region of

intense absorption. The depth of the minimum is determined not

only by the absorption intensity, but also by the gradient T/Iz.

b) A more unusual case is strong absorption when there is

temperature inversion in the atmosphere. In this case, when the

absorption increases, not only ze but also Te increase. As a re-

sult, instead of the usual minimums on the curves of I, (corres-

ponding absorption regions) there will be radiation maxima. It

must be noted that with a strong inversion, the brightness tempera-

ture determined in this range (approximately equalling the tempera-

ture of the effective radiating layer) may exceed the temperature

of the underlying surface.

c) The most complex picture is observed when there is a non-

monotonic change in temperature with altitude, when there are

several temperature inversions.

Figure 1 gives the results of calculating the spectral behavior

of the intensity of outgoing radiation corresponding to different

stratifications. The intensity of the surface radiation is

attenuated in certain cases by almost 100% (absorption band of

15 Pm C02), and in these cases the outgoing radiation is com-

pletely produced by high atmospheric layers. Therefore,

different temperature profiles lead to a great qualitative

difference in the spectral curves of I (Figure 1). The most

typical case is observed for the profile II which has practically

no inversion (inversion at the altitude z = 60 km may be disregarded

because the density is very low there).
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As the calculations show, outside of the absorption bands

the contribution to the outgoing radiation from atmospheric

layers at different altitudes decreases monotonically with

altitude, and in the absorption band the basic radiation /251

comes from the high atmospheric layers (zz,=24nu).

The spectral dependence of 1A for the profiles I and III is

much more complex. For the profiles I, for example, it is

difficult to speak of a minimum corresponding to a strong absorption

band of CO 2 15 pm, but there is a radiation maximum in the

region X = 13 im which is not related to the maximum or the

minimum of the transmission function. The structure of the

spectrum obtained for the profile III is even more complex.

As was indicated above, this is due to the complex behavior

of T (z) with several inversions.

For purposes of comparison, Figure 1 gives those curves

characterizing the contribution of the radiation of the cloud

(I(0) - radiation of a cloud transmitted by the atmosphere).

It can be seen that the outgoing radiation occurs primarily in

the atmosphere above the clouds: 1) Practically in the entire

wavelength range, the contribution of the atmosphere above the 1

clouds to the outgoing radiation is either of the same order of

magnitude, or somewhat greater than the contribution 
of the

cloud layer, (2) The basic characteristics in the spectral

behavior of outgoing radiation are related to the atmosphere

above the clouds. One exception is the narrow transmittance

window in the region X = 11 pm. However, it can be seen that

only in the case of the profile III is there a small maximum

connected with the cloud radiation maximum. For the profiles

I and II, such a correlation is not observed: it is completely

hidden by the spectral behavior of the radiation of the atmos-

phere above the clouds.
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Figure 2. Total intensity of radiation for stratification III

in the range 10-20 um (Venus)

An example of the angular dependence of the total radiation

intensity in the range 10-20 um for the profile III is given in

Figure 2. It is interesting to note the partial "lightening"

at the edge of the disk, which is probably related to a tempera-

ture inversion: at large angles the radiation comes from the

upper, more intensely heated layers of the atmosphere.

It is interesting to compare the results obtained for the

upper atmosphere of Venus with those observed in the case of the

atmosphere of Mars (Figure 3); temperature profiles were taken

from [15]. The analogy between the structures of the upper atmos-

phere of Venus and the atmosphere of Mars makes it possible to

carry out calculations for both atmospheres at the same time. The

chemical composition of the atmosphere of Mars barely differs from

the.atmosphere of Venus (CO2 - as before, the basic absorbing

component). The temperature of the underlying surface lies in the

same region; however, the density close to the surface of Mars

is two orders of magnitude less than the density of the atmosphere

of Venus at the upper boundary of the cloud layer. Therefore,
typical properties of a strongly absorbing atmosphere are not

so sharply expressed in the case of Mars, As may be seen from

Figure 3, only for the profile III is there an emission behavior

of I(X), which is typical for strongly absorbing atmospheres with
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Figure 3. Outgoing thermal radiation of the atmosphere of Mars
for different stratifications

a temperature inversion (maximum on the curve of I at x- 14.5 -m).*

For several spectral intervals, calculations were performed

for the well known transmission function of Moskalenko and Golu-

bitskiy [151. A comparison of the results of the calculations,

which was performed for different spectral intervals with the

transmission functions of different authors, showed that on the

average the results differed from each other by 30%.

The experimental data existing at the present time on the

outgoing thermal radiation of the planets [13, 18] encompass

a very small spectral interval 8-12 ym. They agree fairly well

with the results of our calculations.

Based on the results obtained, we may conclude that the

upper atmosphere of Venus and even the atmosphere of Mars are

The spectra of outgoing thermal radiation, which were obtained

on Mariner-9 for the Southern Polar Cap and which were published

after this article was written [17], also have an emission charac-

ter. Based on this character of the radiation spectrum, a con-

clusion may be reached regarding the temperature inversion in

the region near the poles for z io . This confirms our con-

clusion regarding the possible refinement of the temperature pro-

files with respect to the spectra of outgoing thermal radiation.
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poorly transmittant for infrared radiation, i.e., for many

spectral regions outgoing radiation is formed in the upper layers

of the atmosphere. Therefore, outgoing radiation is very

"sensitive" to the selection of a certain stratification of the

upper layers of the atmosphere. This indicates that experimental

data on the spectral distribution and angular dependence of

infrared radiation make it possible to fairly reliably reproduce

the temperature profiles for the atmosphere of Mars and Venus

[191].

In conclusion, we would like to perform certain calculations

connected with the integral flux of the outgoing radiation of

Venus c

emax
= 2 Sdp $ I(O,(p)cosesinOdO.

0 0

The table gives the values of the fluxes of outgoing radia-

tion calculated for different stratifications of the atmosphere

and with different transmission functions ( . is the flux of

outgoing radiation obtained by using the transmission functions

of [9], c''- flux of outgoing radiation calculated with the

transmission function of [15]), I>"-flux produced only by the

radiation of a cloud transmitted by.the atmosphere (in this case

the second term in Equation (1) is not taken into account - the

eigen thermal radiation of the atmosphere). The effective tempera-

tures T and T' corresponding to Oand ' are calculated according

to the formula

() = aTA.  / 253

A comparison of 0 with 0'and ". and also T and T' with T (0))

confirms the important role of the atmosphere.
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Stratif i- 2  , W/m 2  W/m . I
cation D. W1/M D. W1/M T,, 'K

I '150,(I 119,72 160,11 226,7 213,8
II 16, 84 135,61 222,64 234,I 220,6
III 312,8 219,33 461,70 272,4 21;,1

For further calculations connected with the energy character-

istics of the planet, precise information is first required on

the optical properties of a cloud. In addition, it is necessary

to examine the upper atmosphere of Venus in interaction with

the layer above the clouds. In addition to the greenhouse effect,

refraction is important, since beginning with a certain 0, the

outgoing radiation from the surface of the planet returns to it

(as was shown in [20], refraction does not have a great influence

on the radiation transport and the atmosphere of Venus above the

clouds).
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